Ferry AL, Vanderklish PW, Dupont-Versteegden EE. Enhanced survival of skeletal muscle myoblasts in response to overexpression of cold shock protein RBM3. Am J Physiol Cell Physiol 301: C392-C402, 2011. First published May 18, 2011; doi:10.1152/ajpcell.00098.2011 is suggested to be involved in the regulation of skeletal muscle mass. Cell death pathways are implicated in the loss of muscle mass and therefore the role of RBM3 in muscle apoptosis in C 2C12 myoblasts was investigated in this study. RBM3 overexpression was induced by either cold shock (32°C exposure for 6 h) or transient transfection with a myc-tagged RBM3 expression vector. Cell death was induced by H 2O2 (1,000 M) or staurosporine (StSp, 5 M), and it was shown that cold shock and RBM3 transfection were associated with attenuation of morphological changes and an increase in cell viability compared with normal temperature or empty vector, respectively. No changes in proliferation were observed with either cold shock or RBM3 transfection. DNA fragmentation was not increased in response to H 2O2, and a cell permeability assay indicated that cell death in response to H 2O2 is more similar to necrosis than apoptosis. RBM3 overexpression reduced apoptosis and the collapse of the membrane potential in response to StSp. Moreover, the increase in caspase-3, -8, and -9 activities in response to StSp was returned to control levels with RBM3 overexpression. These results indicate that increased RBM3 expression decreases muscle cell necrosis as well as apoptosis and therefore RBM3 could potentially serve as an intervention for the loss of muscle cell viability during muscle atrophy and muscle diseases. muscle atrophy; hibernation; RNA-binding proteins; apoptosis; necrosis SKELETAL MUSCLE HAS A REMARKABLE capacity to adapt to changes in mechanical and metabolic environment. Whereas increased use in the form of resistance exercise leads to hypertrophy, reduced muscle activity, as well as certain physiological and pathological processes, can lead to a severe loss in muscle mass (for review see Ref. 25). Skeletal muscle atrophy is often associated with diseases such as cancer, acquired immunodeficiency syndrome, diabetes, and congestive heart failure, and when present carries a poor prognosis (6, 44). In addition, age-related loss of muscle mass (sarcopenia) is an important predictor of mortality in the aged (40, 48, 49, 63) and has been suggested as a main contributor to the loss of independence in elderly (40, 50). Muscle atrophy is also a common symptom in neuromuscular diseases, even though the etiology of the disorders is often quite different. Cell deathrelated signaling events are common in muscle cells undergoing atrophy, but the exact role of apoptosis, autophagy, and necrosis (three common forms of cell death) remains to be determined.
SKELETAL MUSCLE HAS A REMARKABLE capacity to adapt to changes in mechanical and metabolic environment. Whereas increased use in the form of resistance exercise leads to hypertrophy, reduced muscle activity, as well as certain physiological and pathological processes, can lead to a severe loss in muscle mass (for review see Ref. 25) . Skeletal muscle atrophy is often associated with diseases such as cancer, acquired immunodeficiency syndrome, diabetes, and congestive heart failure, and when present carries a poor prognosis (6, 44) . In addition, age-related loss of muscle mass (sarcopenia) is an important predictor of mortality in the aged (40, 48, 49, 63) and has been suggested as a main contributor to the loss of independence in elderly (40, 50) . Muscle atrophy is also a common symptom in neuromuscular diseases, even though the etiology of the disorders is often quite different. Cell deathrelated signaling events are common in muscle cells undergoing atrophy, but the exact role of apoptosis, autophagy, and necrosis (three common forms of cell death) remains to be determined.
In a previous study, we identified the cold-inducible RNAbinding motif protein 3 (RBM3) as a possible regulator of skeletal muscle mass under disuse-induced atrophy (23) . RBM3 gene expression and protein abundance were increased in muscles atrophied in response to hindlimb suspension (HS), particularly in old rats (23) . RBM3 is a small RNA-binding protein (17 kDa) identified because of its similarities to other RNA-binding proteins (16) , and it is part of the family of cold shock proteins (28, 43, 60) . RBM3 belongs to the glycine-rich RNA-binding protein family, which also includes cold-inducible RNA-binding protein (CIRP) (14) . Proteins from this family have been found in all three domains of life (41) and are induced by various environmental stresses, such as hypoxia (67) , and particularly by cold (3, 14, 60) . The proposed function of cold shock proteins is thought to be related to their action as RNA chaperones that maintain RNA in the correct secondary structure during periods of cold stress, preventing RNA degradation (3, 28, 29) and facilitating translation (43, 60) . Previous studies in a neuronal cell line showed that RBM3 enhanced global protein synthesis and the formation of active polysomes while reducing the levels of ribonucleoprotein complexes containing microRNAs (18, 58) .
Besides its effect on protein synthesis, RBM3 may serve to prevent the loss of muscle mass by its ability to decrease cell death. Apoptosis (programmed cell death type I) has been proposed to be involved in skeletal muscle atrophy (4, 5, 20, 21, 36, 47) , and we have shown previously that apoptotic loss of myonuclei occurs with disuse-and age-associated muscle atrophy (22, 24, 37) . RBM3 suppressed cell death in both neuronal and nonneuronal cell lines (34) and was shown to be responsible for the neuroprotective effect of hypothermia through a decrease in apoptosis (12) . Conversely, inhibition of RBM3 was associated with attenuated cell survival, an increase in susceptibility to chemotherapy (72) , as well as an increase in apoptosis (62, 68) . Recently, it has been shown that RBM3 was required for cell proliferation and mitosis (62, 68) and all these findings taken together have prompted the idea that RBM3 and other cold-inducible RNA-binding proteins could be protooncogenes (38) . The increase in RBM3 mRNA abundance during muscle atrophy occurred at a point in time that apoptosis is already elevated (24) and may therefore be a compensatory response to the loss of nuclei. Siu et al. (57) proposed a similar scenario for antiapoptotic regulatory factors which were increased in old muscle undergoing atrophy and sug-gested that there may be an "apoptosis-braking" mechanism to counter the apoptotic elimination of myonuclei (57) .
Another line of evidence suggesting a role for RBM3 in the decrease in muscle atrophy is its potential function during hibernation. For example, gene expression profiling identified RBM3 as the only gene to be highly induced during hibernation in liver, brain, and cardiac tissue in the golden-mantled ground squirrel (69) and to be elevated in all tissues studied, including skeletal muscle, of the hibernating arctic ground squirrel (71) . RBM3 was also the most highly elevated gene in liver and muscle of hibernating black bears in concordance with genes mostly involved in protein synthesis (26) . Interestingly, during mammalian hibernation (as well as amphibian aestivation) muscle mass in bears, squirrels, prairie dogs, bats, and hamsters does not decrease to the extent expected from the level of inactivity (30, 32, 35, 39, 51, 55) . Similarities between these results and our observations of increased RBM3 expression in response to conditions inducing muscle atrophy may indicate a common role of RBM3 (23) . We have shown that RBM3 is elevated 2 wk after HS (23) , indicating that hibernation and disuse atrophy may have a common response, as was also suggested by Yan et al. (71) . Given that RBM3 was increased relatively late during atrophy, i.e., after apoptosis was already evident (24), we propose that its elevation may serve as a compensatory mechanism that limits losses in muscle size under atrophy-inducing conditions. Since cell death signaling pathways are known to be involved in atrophy, we concentrated on those pathways in this study.
Therefore, we hypothesized that RBM3 decreases cell death and related mechanisms in skeletal muscle cells. To test this hypothesis, we used the C 2 C 12 myoblast cell line to investigate the response to cell death-inducing agents staurosporine (StSp) and H 2 O 2 in the presence and absence of cold shock and RBM3 overexpression through transient transfection. In this study, myoblasts were used instead of myotubes because induction of apoptosis in myotubes in vitro is challenging caused by their high antiapoptotic environment. Even though there are differences in the cell death mechanisms between myoblasts and myotubes, this study will begin to investigate the effects of RBM3 and cold shock on muscle cells and will form a starting point for future investigations in myotubes and whole muscle in vivo.
METHODS
Cell culture. Monolayer cultures of C2C12 mouse myoblast cell line were grown in Dulbecco's modified Eagle's medium (DMEM) (Mediatech, Manasses, VA) supplemented with 20% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) and 50 g/ml penicillin and streptomycin (Invitrogen, Carlsbad, CA) at 37°C in a humidified 10% CO 2-90% air atmosphere incubator as described previously (64) .
To induce cold shock, cells were plated in six-well plates at ϳ60% confluency and were placed at 32°C for 6 h, followed by 16 h at 37°C.
Heat shock was induced in cells plated at 60% confluency by incubating at 42°C for 6 h followed by 16 h at 37°C.
Transient transfections. Transient transfections were performed using Lipofectamine LTX (Invitrogen) according to the manufacturer's instructions. Specifically, C 2C12 cells were plated at 40,000 cells per well using six-well plates the day before transfection; 6.25 l Lipofectamine LTX was incubated with 2.5 g of total DNA and 2.5 l Plus reagent in 500 l serum-free DMEM for 2 h. The mixture was then added to the cells and incubated for 18 h after which the assays were performed. Cells were transfected with c-myc-RBM3-pcDNA3.1 construct (58) or with the empty vector pcDNA3.1 (Invitrogen). Transfection efficiency under these circumstances was 50 -60%.
Induction of cell death. After cold shock or transfection, the susceptibility of the cells to cell death inducing agents was determined. To induce cell death, C 2C12 myoblast cells were treated with either 1,000 M H2O2 or 5 M StSp for 3 h. These concentrations and this time point were chosen after determination of the optimal response in myoblasts (70) . Control plates were treated with vehicle only for the same amount of time and were always performed at the same time as the experimental plates. All quantitative data were obtained from three to eight duplicate plates, and the number of actual plates is specifically listed in the figure legends.
Cell viability. Cell viability was measured using the Trypan blue exclusion assay. This assay is based on the fact that dead cells take up Trypan blue dye while viable cells exclude the dye. C 2C12 cells were plated with 40,000 cells/well on six-well plates; cells were then treated with H2O2 or StSp as described above or treated as control. After incubation, cells were trypsinized, spun down, and resuspended in serum-free DMEM after which 0.4% Trypan blue was added for 2 min and the number of viable cells was counted with a hemocytometer. The number of viable cells was expressed as a percentage of controls.
Cell proliferation determination. Cell proliferation was assessed by measuring 5-bromo-2-deoxyuridine (BrdU) incorporation according to the manufacturer's instructions. In brief, cells were incubated with BrdU labeling reagent (Invitrogen) diluted 1:100 in media for 3 h. Cells that had undergone cold shock were stained after their return to 37°C. After the incubation with BrdU labeling reagent, cells were fixed in 70% ethanol for 30 min at 4°C and then blocked with 3% H 2O2 in 100% methanol for 10 min, followed by 30 min of incubation in denaturing solution and 10 min in blocking buffer (BrdU staining kit, Invitrogen). Biotinylated mouse anti-BrdU (Invitrogen) was added for 1 h after which cells were rinsed in PBS and incubated in streptavidin-peroxidase for 10 min. Plates were then treated with 1:200 dilution of fluorescein tyramide signal amplification (TSA) buffer for 30 min (Perkin Elmer, Boston, MA). To stain all nuclei, plates were treated with Hoechst at 2.4 g/ml and incubated for 20 min. Cells were counted using a fluorescent microscope (Zeiss Axio Observer, Thornwood, NY), and the ratio of BrdU-positive cells to total cell number was calculated.
ELISA assay. DNA fragmentation in response to cell death inducers was determined by measuring mono-and oligonucleosomal fragments in C 2C12 cells using a cell death ELISA kit (Roche Biochemicals) per manufacturer's instructions. Briefly, cells and media containing cells were harvested in the buffer supplied by the kit, centrifuged, and resuspended in equal volumes between samples. Colorimetric changes were measured using Spectra Max M2 Microplate reader (Molecular Devices). Apoptotic index is expressed as arbitrary density units per g protein.
Terminal transferase dUTP nick end labeling assay. Cells exhibiting DNA fragmentation were identified by terminal transferase dUTP nick end labeling assay (TUNEL) assay according to the manufacturer's recommendations with minor revision (Roche Molecular Biochemicals, Pleasanton, CA). Briefly, after 3 h of incubation with cell death inducers, myoblasts were rinsed with PBS and fixed in 2% paraformaldehyde at room temperature for 20 min, then blocked in 3% H 2O2 for 20 min and permeabilized with 0.1% Triton X-100 and 0.1% sodium citrate. Cells were incubated with TUNEL labeling mix diluted (1:3) with dilution buffer in a humidified chamber at 37°C for 1 h, followed by incubation with streptavidin-peroxidase enzyme conjugate at 37°C for 30 min, and the signal was amplified with TSA (PerkinElmer) at a dilution of 1:200 for 30 min. Cells were then incubated with Hoechst dye at 2.4 g/ml for 20 min. Cells were visualized using a Zeiss Axio Observer microscope and TUNELpositive (green) as well as total nuclei (blue) were counted in five separate fields. Apoptotic susceptibility was presented as the percentage of TUNEL-positive nuclei per total counted nuclei.
Membrane permeability/dead cell apoptosis assay. To distinguish between apoptotic and necrotic cells, the membrane permeability/dead cell apoptosis assay was used according to the manufacturer's instructions (Invitrogen). C 2C12 myoblast cells were seeded in six-well plates, where the plates were grown to ϳ60% confluency before being treated with either 1,000 M H2O2 or 5 M StSp. After cell death induction, the media of the cells were changed to serum-free DMEM and the two separate dyes, YO-PRO-1 and propidium iodide (PI), contained in the kit, were added to the cells at 1 l/ml and incubated at 37°C for 20 min. YO-PRO, a green fluorescent dye (530 nm emission wavelength), can enter the more permeant cytoplasmic membrane of apoptotic cells, whereas PI, a red fluorescent dye (610 emission wavelength), cannot, but enters necrotic cells. Therefore, apoptotic cells show only green fluorescence, necrotic cells show red and green fluorescence, and live cells show no fluorescence. Ethanoltreated cells were used as a positive control for necrosis because they show only red fluorescence and no green fluorescence. Cells were photographed using a fluorescent Zeiss Axio Observer microscope, and Axio Vision software (Zeiss) was used to quantify optical density from the fluorescent signal.
Assessment of mitochondrial membrane potential. After treatment with H 2O2 and StSp, mitochondrial membrane potential (⌬m) was assessed using the cationic dye JC-1 (5,5=, 6,6=-tetrachloro-1,1=,3,3=-tetraethyl-benzimidazolylcarbocyanine iodide), according to the manufacturer's protocol (Biotium, Hayward, CA) and as described previously (70) . In healthy cells the dye stains the cells bright red due to accumulation of the dye within the mitochondria. In cells in which the mitochondrial membrane potential has been changed due to the induction of apoptosis the dye is unable to accumulate within the mitochondria and the dye stains the cells green (for examples of pictures see Ref. 70) . The ratio of red divided by green fluorescence is calculated for all cells in a particular field of view combined, and a decrease in this ratio indicates a decrease in mitochondrial membrane potential. C 2C12 cells were plated at ϳ60% confluency on six-well plates and were exposed to 1,000 M H2O2, 5 M StSp or control conditions for 3 h, rinsed with PBS, and followed by incubation with JC-1 reagent 1:100 at 37°C for 30 min. After incubation, cells were again rinsed twice with PBS and images were obtained using TRITC (red, 610 nm) and FITC (green, 535 nm) filters on a fluorescent microscope (Zeiss Axio Observer). The total fluorescence of all the cells within one field was determined in both the red and the green filters. Care was taken to obtain pictures with identical exposure times, and pictures were analyzed using Axio Vision software (Zeiss). The automated measurement program with identical user-defined parameters for densitometric and geometric variables was used to determine fluorescence intensity for both filters. The ratio of the sum of intensities of red divided by green fluorescence was determined.
Caspase activity measurements. Whole cell lysates of myoblasts were obtained using RIPA buffer (Santa Cruz Biotechnology, Santa Cruz, CA) along with 1 g/ml leupeptin and 1 mM PMSF. Caspase activities for caspase-3, -8, and -9 were measured in the protein homogenate using fluorometric substrates as described previously (37, 70) . The following substrates were used for caspase-3, -8, and -9, respectively: Ac-DEVD-AMC, Ac-IETD-AMC, and Ac-LEHD-AMC (Peptides International, Louisville, KY). The substrates were cleaved proteolytically by the corresponding caspases, and the fluorescence of free AMC was measured and compared with a standard curve for free AMC (Sigma, St. Louis, MO). For determination of caspase activities 100 g of total protein were incubated for 3 h in caspase buffer (100 mM HEPES, 10% sucrose, 10 mM DTT, 0.1% CHAPS, 1 g/ml leupeptin, and 1 mM PMSF) with 100 mM substrate. Fluorescence was determined with an excitation wavelength of 380 nm and an emission wavelength of 460 nm for AMC using a Spectra Max M2 Fluorescent Microplate reader (Molecular Devices, Sunnyvale, CA). Values are expressed as nmol AMC per g of protein.
WESTERN BLOT ANALYSIS. Whole cell lysates of myoblasts were obtained using RIPA buffer (Santa Cruz Biotechnology) along with 1 g/ml leupeptin, 1 mM PMSF, 1 g/ml pepstatin, and 1 g/ml aprotinin. Protein concentration of the supernatants was determined using the bicinchoninic acid assay (Pierce Biotechnology). A total of 10 -30 g of protein per sample were separated on a 4 -15% acrylamide gradient gel (Bio-Rad, Hercules, CA) and transferred to PVDF-FL membranes (Millipore, Billerica, MA). Membranes were placed in Odyssey blocking buffer (Li-Cor, Lincoln, NE) for 1 h at room temperature, followed by incubation with the following primary antibodies: heat shock protein 70 (HSP-70) and HSP-25 1:1,000 (Assay Designs, Ann Harbor, MI), receptor interacting protein (RIP)-1 1:1,000 (Cell Signaling), RIP-3 1:200 (ProSci), and RBM3 1:1,000 (18) . Primary antibody incubation was performed overnight at room temperature after which membranes were rinsed in PBS and further incubated with the corresponding IRdye 680 or 800-conjugated secondary antibody (Li-Cor). Blots were scanned with the Odyssey Infrared Imaging System (Li-Cor), and the density of resulting bands was quantified using Odyssey software (Li-Cor). Subsequently, membranes were incubated in Ponceau S solution (Sigma) for 5 min for visualization of the protein and assurance of equal loading in all the lanes.
Statistical analysis. Statistical computations were performed using SigmaStat (SSI, Richmond, CA). For comparisons of means between treatments, a one-way-or two way-ANOVA was applied where appropriate. In case of significant differences, the Holm-Sidak multiple comparisons test was used. Values are listed as means Ϯ SE. Statistical significance was set at P Ͻ 0.05.
RESULTS
Overexpression of RBM3 protein in C 2 C 12 cells was accomplished by subjecting the cells to cold shock or to transfection with c-myc-RBM3 expression construct. Cold shock increased the protein abundance of RBM3 by 2.5-fold (Fig. 1A , left two lanes, and Fig. 1B ) while transfection with a vector containing myc-tagged RBM3 induced a 10-fold increase in total RBM3 protein abundance compared with the empty vector, pcDNA3 (Fig. 1A, right two lanes, and Fig. 1C ). The morphology of the myoblasts changed in response to cell death inducers H 2 O 2 (Fig. 2, B and G) and StSp (Fig. 2, D and I) , by becoming more rounded with less extensions and by showing more cell clustering in the case of H 2 O 2 . These changes were attenuated in cells subjected to cold shock before H 2 O 2 (Fig. 2C) or StSp (Fig. 2E ) treatment or in cells transfected with myc-RBM3 before H 2 O 2 (Fig. 2H) or StSp (Fig. 2J ) treatment in which cases cells were less rounded and remained more flat. It should be noted that cells having undergone transient transfections in general look more stressed than nontransfected cells making it more difficult to see the difference with the interventions. Therefore further analyses investigating these changes were performed. The effect of RBM3 overexpression on cell number was investigated by a Trypan blue-based cell survival assay. Upon addition of H 2 O 2 and StSp, cell survival decreased 65% and 74%, respectively, in the cells cultured under normal temperature conditions (Fig. 3A) . When the cells were cultured under cold shock conditions there was an increase in cell survival of 30% and 40% with H 2 O 2 and StSp, respectively, compared with no cold shock (Fig. 3A) . Similarly, cell survival was decreased 49% and 72% after cells transfected with empty vector were subjected to H 2 O 2 and StSp, respectively; RBM3 overexpression was associated with a significant increase in cell survival of 23% and 30% after treatment with H 2 O 2 and StSp, respectively (Fig. 3B) . Since an increase in cell survival as measured by Trypan blue can be due to an increase in cell proliferation, we performed a BrdU labeling assay in which BrdU-labeled cells were counted in response to cold shock (not shown) and RBM3 overexpression (Fig. 4B ) compared with empty vector transfection (Fig. 4A ). BrdU labeling was not different in cells subjected to cold shock or RBM3 overexpression (Fig. 4C) , indicating that the increase in cell survival upon RBM3 overexpression or cold shock was due to a decrease in cell death.
To investigate whether the increased abundance of RBM3 was associated with a decrease in apoptosis, a cell death ELISA assay was performed that measures DNA fragmentation in the cellular extracts. Under control temperature conditions, treatment with StSp was associated with a 2.1-fold increase in apoptosis, but treatment with H 2 O 2 did not significantly increase the apoptotic index (Fig. 5A) . Cold shock kept the apoptotic index to that of control vehicle-treated cells (Fig.  5A) . Similarly, cells transfected with empty vector showed a threefold increase in the apoptotic index when treated with StSp, and this was attenuated in RBM3-transfected cells (P ϭ 0.05) (Fig. 5B) (Fig. 6A) and StSp (Fig. 6D ) exhibited changes characteristic of cells undergoing cell death. In addition, cells subjected to H 2 O 2 showed very high levels of red fluorescence (Fig. 6B) while cells incubated in StSp did not (Fig. 6E) . In contrast, green fluorescence was higher in cells treated with StSp compared with those with H 2 O 2 (Fig. 6, F  and C, respectively) . The ratio of red to green fluorescence (red/green) was calculated for the different treatments and compared with ethanol-treated cells which are pure necrotic. In ethanol-treated cells, the red/green was 23.5, while that for H 2 O 2 -and StSp-treated cells was 12.7 and 1.0, respectively. These data indicate that the process of cell death in response to H 2 O 2 is more similar to necrosis, while that of StSp is apoptosis. We further investigated whether necrosis in H 2 O 2 -treated cells was associated with increased levels of markers of programmed necrosis (or necroptosis), RIP-1 and RIP-3. However, neither protein could be detected by Western analysis in myoblasts under any of the conditions (data not shown), suggesting that necroptosis is not activated but that classical necrosis is the cell death pathway by which H 2 O 2 induces cell death in myoblasts. Therefore, our results indicate that upregulation of RBM3 expression protects cells from cell death through apoptotic and necrotic mechanisms. To ensure that we were not looking at a general stress response from exposing cells to different temperatures, we measured heat shock protein levels. HSP-25 and HSP-70 are not expressed under normal culture conditions in myoblasts, but are induced upon heat shock (Fig. 7) . Protein abundance of HSP-25 or HSP-70 was not increased in myoblasts subjected to either cold shock or transfection with RBM3, indicating that the increase in cell survival is specific for cold shock and RBM3 (Fig. 7) .
To investigate possible mechanisms by which RBM3 overexpression promotes survival of myoblasts, we assessed changes in mitochondrial membrane potential by use of JC-1 dye. Upon treatment with H 2 O 2 and StSp, the mitochondrial membrane potential decreased by 65% and 70%, respectively, in cells that were cultured under normal temperature conditions (Fig. 8A) . After cold shock, however, the decrease in mitochondrial membrane potential was significantly attenuated in the StSp-treated cells only (Fig. 8A) . Similar results were found when cells were transfected with RBM3. H 2 O 2 reduced membrane potential by 55%, and RBM3 overexpression did not have a significant effect on this reduction (Fig. 8B) . However, when treated with StSp the mitochondrial membrane potential decreased 64% when cells were transfected with empty vector and only 33% when RBM3 was overexpressed (Fig. 8B) . Thus, RBM3 overexpression is associated with protection from mitochondrial membrane collapse during apoptosis.
To further examine the role of RBM3 in conferring protection against apoptosis, we measured the activities of caspase-3, -8, and -9 to determine whether caspases, the classical proteolytic enzymes in apoptosis, were affected by cold shock and RBM3 overexpression. Caspase-3 was elevated in cells treated with StSp under no cold shock conditions, but the elevation failed to reach significance after H 2 O 2 treatment (P ϭ 0.05, Fig. 9A ). Caspase-8 and -9 activities were significantly elevated after H 2 O 2 and StSp treatment in cells under no cold shock conditions (Fig. 9, B and C, respectively) . The activities of all three caspases studied were returned to control levels in cells subjected to cold shock (Fig. 9, A-C) , suggesting that caspase-dependent apoptosis is inhibited by cold shock and potentially by RBM3. To test this further, we studied caspase activities in cells transfected with RBM3. Caspase-3 and -8 activities were elevated upon treatment with H 2 O 2 and StSp in cells transfected with empty vector, and transfection with RBM3 returned caspase-3 and -8 activities to control levels only in cells treated with StSp, but not H 2 O 2 (Fig. 10, A and B) . The increase in caspase-9 activity in cells treated with H 2 O 2 when transfected with empty vector did not reach significance. Surprisingly, however, in cells overexpressing RBM3, caspase-9 activity was significantly elevated by H 2 O 2 treatment (Fig. 10C) . In contrast, cells treated with StSp exhibited an increase in caspase-9 activity which was not different from control levels with RBM3 overexpression (Fig. 10C) . These data suggest that cold shock and RBM3 overexpression inhibit the activation of caspases in the presence of classical apoptosis induced by StSp.
DISCUSSION
Results from this study show that RBM3 protects muscle cells from apoptotic as well as necrotic cell death. Elevation of RBM3 by overexpression of myc-RBM3 and by cold shock increased cell survival and inhibited necrosis along with apoptosis and apoptosis-associated caspase activation. Apoptosis is an important cell death pathway in skeletal muscle witnessed by the fact that it is increased in a number of pathological conditions, such as chronic heart failure, motor neuron disorders, denervation, spinal cord injury, muscular dystrophy, and atrophy due to hindlimb suspension, immobilization, and with aging (1, 2, 4, 10, 17, 22, 37, 45, 57, 59, 61, 65, 66) . Similarly, necrosis is involved in the loss of muscle tissue due to injury associated with both trauma and disease. Since RBM3 protected cells from apoptotic as well as necrotic cell death it can be seen as a protein that is beneficial for the survival of muscle cells in general.
It has been known for a long time that cold therapy is beneficial in the preservation of tissues such as brain and heart and therefore hypothermia was used frequently in ancient times. In modern medicine its use has been documented for over 200 years, and in more recent history, preclinical studies such as the one by Hinton et al. (31) in 1956 show that therapeutic hypothermia increased survival rates after hemorrhagic shock. Hypothermia has been used to preserve heart tissue after cardiac arrest, brain tissue after traumatic injury and oxygen deprivation during delivery, and spinal cord tissue after traumatic spinal cord injury (11, 15, 56) . Indeed, the loss of neuronal function due to spinal cord injury, cerebral ischemia, and cerebral palsy has been shown to be reduced by hypothermia (7, 11, 15, 42, 46, 53, 54) . The underlying mechanisms for the beneficial effect of cold therapy are largely unknown, but a decrease in cell death has been suggested in many situations (for review see Ref. 27) . Mammalian cells exposed to a variety of cytotoxic and apoptotic stimuli were rescued by hypothermia (32°C), and this suppression was mediated partly through caspase-9-dependent and p53-dependent and -independent mechanisms (52) . Similarly, apoptosis through the caspase-3-dependent pathway was attenuated in cardiomyocytes from hypothermia-treated rats in response to hemorrhagic shock compared with normothermic rats (56) .
The cellular pathways through which this antiapoptotic effect of hypothermia is achieved are currently under investigation, but the increase of cold shock proteins in response to lower temperature has been suggested to be involved (27, 33) . Cold shock proteins, such as RBM3 and CIRP in particular, are known modulators of apoptosis and are proposed proto-oncogenes (38, 72) . RBM3 suppressed apoptosis in a polyglutamine-induced neuronal cell death model, but cellular apoptotic pathways were not investigated in this study (34) . Recently, it was shown that the effect of hypothermia on neuronal survival is at least partly mediated through the actions of RBM3 (12) . Also, RBM3 overexpression rescued human embryonic kidney cells from serum deprivation-induced cell death and knockdown of RBM3-induced cell death through a caspase-3-independent mechanism (68), indicating that RBM3 is a critical factor in cellular survival in this model. However, in colon cancer cells, RBM suppression induced cell death through a caspase-3-dependent mechanism (62) and therefore the underlying mechanisms of the protective effect of RBM3 may vary with both cell type examined and the specific cell death inducers. In our study, RBM3 overexpression rescued myoblasts from StSp-induced apoptosis and this was associated with an attenuation of ⌬m and a reversal of caspase-3, -8, and -9 activation, indicating that the mitochondrial-dependent intrinsic apoptotic pathway was inhibited by RBM3. Interestingly, our work shows that H 2 O 2 -induced cell death was not associated with increased DNA fragmentation or expected activation of caspases and seemed to follow a classical necrotic death pathway, since programmed necrosis or necroptosis markers (RIP-1 and -3) could not be detected. Like apoptosis, the increase in cell death due to necrosis was also inhibited by increased levels of RBM3. In this case, the elevation of caspases, if present, was normalized with cold shock, but not with transfection of RBM3, indicating that other factors induced by cold shock may be responsible for the decrease in caspase activities associated with necrotic-type cell death in response to H 2 O 2 .
Since RBM3 is a RNA-binding protein, the question that remains unanswered is which RNA species are bound by RBM3 and how this binding is responsible for the cell-sparing effects observed in this study. It has been shown previously that RBM3 regulates the levels of miRNA-containing ribonucleoprotein complexes (18) , raising the possibility that RBM3 exerts antiapoptotic effects via the miRNA pathway. In addition, it has been demonstrated that RBM3 binds to the 3=-untranslated region (UTR) of the cyclooxygenase-2 (COX-2) mRNA and that this binding increases RNA stability and translational efficiency of COX-2 (13, 62) . RBM3 was bound in a complex with other RNA-binding proteins to the COX-2 mRNA through the AU-rich element (ARE) in the 3=-UTR and it is possible that other mRNAs containing AREs are also targets for RBM3. Interestingly, COX-2 was shown to be essential during early stages of skeletal muscle regeneration and this at least partly contributed to its effect on myoblast number (8) . Furthermore, inhibition of COX-2 was associated with attenuated regrowth after atrophy and an inhibition of myoblast incorporation in soleus muscle (9) , indicating a potential role for COX-2 in myoblast survival in vivo. By contrast, it was recently shown that inhibition of RBM3 led to cell death independent of COX-2 regulation (68), indicating that RBM3-binding to COX-2 may be cell type-or cell condition-specific.
Currently, no known RNA targets for RBM3 have been identified in skeletal muscle cells and therefore the precise mechanisms for the cell death-reducing actions of RBM3 remain to be determined. In the current study we began investigating these mechanisms in myoblasts instead of myotubes, because of the relative ease of inducing cell death in myoblasts. However, mechanisms of cell death in myoblasts and myotubes have similarities as well as differences (70) , and therefore future studies will need to be directed toward investigating the effects of RBM3 on myotubes and muscles in vivo. However, since RBM3 protected the elevation in caspase activities which are involved in muscle atrophy (19) , we suggest that it may play a role in this process and is a good candidate for the muscle sparing effect during hibernation.
In summary, overexpression of RBM3 in skeletal muscle myoblasts is associated with an increase in cell survival through inhibitory actions on both apoptosis and necrosis. These two processes are involved in dysfunction of skeletal muscle due to atrophy and/or muscle diseases and therefore RBM3 can be seen as a potential interventional target for the treatment of these conditions.
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